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ABSTRACT 

Aims. We searched for star- forming satellite galaxies that are close enough to their parent galaxies to be considered 
analogues of the Magellanic Clouds. 

Methods. Our search technique relied on the detection of the satellites in continuum-subtracted narrow-band Ha imaging 
of the central galaxies, which removes most of the background and foreground line-of-sight companions, thus giving a 
high probability that we are detecting true satellites. The search was performed for 119 central galaxies at distances 
between 20 and 40 Mpc, although spatial incompleteness means that we have effectively searched 53 full satellite- 
containing volumes. 

Results. We find only 9 'probable' star-forming satellites, around 9 different central galaxies, and 2 more 'possible' 
satellites. After incompleteness correction, this is equivalent to 0.17/0.21 satellites per central galaxy. This frequency 
is unchanged whether we consider all central galaxy types or just those of Hubble types SOa - Sc, i.e. only the more 
luminous and massive spiral types. The satellites found are generally similar to the Magellanic Clouds and to field Sm 
and Im galaxies, in terms of their normalised star formation rates. However, this conclusion is somewhat circular as the 
similarity of properties to known Sm/Im galaxies was used as a classification criterion. The Small Magellanic Cloud is 
just below the median values of both star formation rate and _R-band luminosity of the 9 probable satellites. The Large 
Magellanic Cloud, however, has a higher _R-band luminosity than any of the 9 and is only exceeded in star formation 
rate by the one satellite that appears to be undergoing a tidally-induced starburst. Thus the Milky Way appears to 
be quite unusual, both in having two star-forming satellite galaxies and in the high luminosity of the Large Magellanic 
Cloud. 

Key words, galaxies: general - galaxies: spiral - galaxies: irregular - galaxies: stellar content - galaxies: statistics 



^ 1. Introduction ity of the remaining gas component. Finally, accretion of 

C^',,. ,. _ . . dwarf galaxies may be very signific ant for the formation 

■ ■ ■ Satellite galaxies are of great importance m our under- ^^e stell ar haloes of galaxies (e.g. ISearle fc Zinnl . MR 

standing oi the formation and morphological evolution of |Read et"^!] l2006f ) 

all types of galaxy. Minor mergers of disk and dwarf galax- „ ' • j ^ i-f j-i, 4- • i a- u 

■"^ . . ° -11 r r ■ 1 ■ However, m order to quantity the typical eftects OI such 

les provide one possible process tor forming or enlarging j. , i • • ^ i i. . r 

, , , — r — , , |— iiiiQ — _ — _. I n- o mergers on disk galaxies, it is necessary to know what trac- 

bulges (e.g. Havnes et all. I2000t IKannappan et all . 120041: ■ n i, , • j - r,, 

Tt^ti tvV 1 i 1 nnnr.\ ■ ^ 1 _l- 1 1 tiou actuaily havc close compauious, aud how mauy 01 these 

IFliche- Moral et al., 20Q6i), and the associated tidal per- 4. ■ ■ -c j. • Vi, c 4.- u 

^ , . , ' — /' . 11,- i 1 _Li • 1 1-1 contain sigmncant gas reservoirs, ihese tractions, when 

turbation is likely to distort and ultimately thicken disks u- j -^i, ^ ■ i r j r u-^ i. 

rpr~- — r^^ — 1 nrr^TTi r7r~- r — n nr^^^ t i 1 combined with a typical time tor the decay 01 orbits through 

(IQumn fc Goodmanl . I1986t IQumn et al.l . 119931 ). Indeed, , • 1 r • . • 1 u i;- ; 1 ui i- ^ I 

^ ■ — : ^ ™ ^ ; " ^ — '. . . ' dynamical friction, should ultimately enable an estimate to 

several minor mergers may suthce to convert a disk galaxy u j r-tT, ■ 4- j -ti, u- • 4 

^^. T iT^ — I — n rKT^KR — . • , — n be made ot the minor merger rate, and the resulting impact 

into an elliptical (IBournaud et all . I2007t IKavirai et al.l . 4.1, ot^ r 41 4 1 1 • 

„ • , 1 r — : — r ■ on the Sh of the central galaxies. 

120071 ). Gas-rich dwarfs may provide gas reservoirs tor reiu- a ^ • ^ r 1 • ^- ^- ■ -i 1 

, , 1- 1 1 • 1 1 • A starting-point tor such an investigation is provided 

venatmg early-type disk galaxies and thus prolonging or re- , ^, °j i - 1 1 ■ -n \. 1 r ^ ^ 

4. UT Z- \ c 4.- ^CT7^ 4.- -4. hxTi.-4. p U by the Milky Way, which has a significant number ot satel- 

establisnmg star formation activity (I White fc I'renkl . t ■ r^r f^ ^ r • ^ 11 r 
N rim L Ptj — ^ — n l onn^ i -i 4. i u li , ,,• htc galaxics. Of thcsc, most are very tamt and low-surtace 
119911 : IHau et al.l . 120071 ). whilst also changing the metallic- , . ?^ , r i ■ i i ^ ^ r ■ i ^ ■ 
J /' o o brightness dwart spheroidal and dwarf irregular galaxies; 

Send offprint requests to: P.A. James in te™s of mass, and future evolutionary impact, by far 

* Based on observations made with the Jacobus Kapteyn the most dominant of the probable satellites are the Large 

Telescope operated on the island of La Palma by the Isaac and Small Magellanic Clouds (LMC and SMC henceforth). 

Newton Group in the Spanish Observatorio del Roque de los Since the Milky Way is often assumed to be a typical field 

Muchachos of the Instituto de Astrofi'sica de Canarias galaxy, probably of type SBb - SBc, with a total lumi- 



2 



James et al.: Ha Galaxy Survey. VI. 



nosity close to the characteristic value L"^ in the ISchechteH 
(|1976f) luminosity function, it might be natural to assume 
that Magellanic Cloud-like companions are also typical 
of the field galaxy population. Indeed, there are several 
well-studied bright satellites around local galaxies, such as 
M 32 and NGC 205, the early-type companions of M 31. 
However, no systematic search for Magellanic-type compan- 
ions around a representative sample of field galaxies has yet 
been carried out, so it is not clear whether the Milky Way 
is typical or unusual in having two near neighbours of this 
type. 

Some studies of field galaxy compan i ons h ave been 
presented in the literature. IZaritskv et al.l (|l997f ) searched 
for companions at least 2.2 mag fainter than the primary 
galaxy, within 1000 km in velocity and 500 kpc in pro- 
jected separation, and found 115 satellites around 69 pri- 
mary galaxies. However, the allowed separations are very 
much greater than the separation of the M agellanic Clouds 
from the Milky Way, and Zaritskv et al.l (1997.) comment 
that some of the primaries have four or five companions, 
and these systems may thus be better regarded as galaxy 
groups. Only about 10% of the companions have projected 
separations less tha n 70 kpc, potentially comparable to the 
Magellanic Clouds. iNoeske et ahl (|200l[ ) found -30% of a 
sample of field dwarf galaxies to have companions within a 
projected separation of 100 kpc and a recession velocity dif- 
ference of ±500 km s^^. Madorc et a l. (2004), following a 
pioneering study by Bot hun fc SuUivanl (|l977l ). performed 
a search for companions around isolated elliptical galax- 
ies. Within a 75 kpc projected radius they found 1.0±0.5 
companions per elliptical galaxy, higher than th e 0.12zfc0.4 2 
companions per galaxy found by Bothun & Su Uivanl (|l977t ) . 

One requirement of any such study is for recession ve- 
locity information to remove line-of-sight pairs, which gen- 
erally dominate the population of apparent pairs found 
in pure imag ing studies, particularly for blue companions 
(|Chenl . [2007f ). A complicating factor in obtaining such data 
through spectroscopic surveys is the problem of fibre col- 
lisions with multi-object spectrographs, which means that 
close pairs are under-represented in many existing surveys. 
Here we undertake a search using an alternative method 
based on narrow-band Ha imaging of the areas around field 
galaxies in the local Universe. Specifically, we search for 
star forming companions of these galaxies, which will show 
up via Ha line emission, and as a result this study says 
nothing about non-star forming companions. Any compan- 
ions detected in Ha are likely, given the —50 Angstrom 
width of Ha filters used, to be truly associated with cen- 
tral target galaxy. The velocity range for Ha to lie within 
the same narrow-band filter is ±1000 km s~^, which ex- 
cludes projected companions with good efficiency, but the 
number of detected companions will be an upper limit as 
there will still be some line-of-sight projections within this 
range. Thus the radial distance range in which satellites 
could lie is 29 Mpc in depth for an assumed Hubble con- 
stant of 70 km s~^Mpc~^; as explained in section [5l we 
search for satellites to a projected distance of 75kpc in the 
plane of the sky, giving a total search volume of —0.5 Mpc'^. 
Of course, any 'true' satellites will lie in a much smaller 
volume than this about the central galaxy. There is also 
the possibility of including very distant background galax- 
ies, with other emission lines redshifted into the Ha filter 
bandpass. 



Whilst this technique will clearly detect only the line- 
emitting fraction of all satellite galaxies, it is important to 
note recent results demonstrating that this is equivalent 
to the entire gas-rich population in the equivalent mass 
range, i. e. that there a r e no o r very few quiescent gas-rich 
galaxies. iMeurer et all (|2006[ ) found that all 93 of the Hi- 
selected gal axies in their sample were detected in Ha emis- 
sion. Hain es et al.l (|2007t) , using SDSS data, found all of the 
— 600 low-luminosity galaxies studied (—18 < Mr < —16) 
in the lowest-density environme nts to have Ha em ission. 
The previous paper in this series ([James et al.l . l2008[ ) found 
that all 117 late- type Sm and Im galaxies in the HaGS sam- 
ple are actively forming stars, and these correspond to more 
than 50% of the galaxies of these types satisfying the selec- 
tion criteria of this sample. Thus possession of significant 
gas reservoirs and star formation (with corresponding Ha 
emission) appear to be synonymous. 

2. Data and methods 

We use ima ging data from the Ha Galaxy Survey 
(| James et all . |2004^ ■ HaGS henceforth. This survey con- 
tains data for 327 galaxies sel ected f r om t he Uppsala 
General Catalogue of Galaxies (jNilsonl . I1973D (UGC) to 
have diameters between 1'.7 and 6.'0, measured recession 
velocities of less than 3000 km s~^, major-to-minor axis 
ratios less than 4.0, and Hubble type later than SOa. The 
Virgo cluster core was excluded, so this is eff'ectively a field 
galaxy sample, but otherwise it should be unbiased with 
respect to presence or absence of companion or satellite 
galaxies. 

The HaGS data comprise broad-band R imaging, and 
Ha in one of several narrow band filters, selected to match 
the recession velocity of the target UGC galaxy, obtained 
at the 1.0 metre Jacobus Kapteyn Telescope. The field of 
view of the JKT CCD camera was — 11x11 arcmin, but 
we conservatively use only the central 9.5x9.5 arcmin area 
to avoid vignetting and cosmetic problems with the edges 
of the frames. The Ha images used here were continuum- 
subtracted, using either observations in an intermediate- 
width continuum filter, or scale d R-hand exposures , and 
fiux calibrated, as outlined in I James et al.l (|2004D . All 
galaxy distances (from Virgo-infall corrected recession ve- 
locities) and i?-band magnitudes for the central galaxies 
used in the presen t analysis are those listed in Table 3 of 
I James et al.l (|2004l). However, f or con sistency with the anal- 
ysis presented in iJames et al.l (|2008D (hereafter referred to 
as paper V), the SF rates for central galaxies used here 
are multiplied by a factor 0.7, consistent with the assump- 
tion of a 'Salpeter light' stellar initial ma ss function , rather 
than the Salpeter function assumed by iKennicufr^ (|l998t ) 
and adopted in paper I. 

All HaGS galaxies with distances greater than or equal 
to 20 Mpc were included in this analysis; this was a to- 
tal of 119 central galaxies. Galaxies within this distance 
limit were excluded because of the small effective volume in- 
cluded within the CCD field of view. The method employed 
when searching for potential satellite galaxies was initially 
to scan the continuum-subtracted Ha images, looking for 
any apparent regions of emission that are detached from 
the main galaxy. Any potential sources found were then 
'blinked' with the i?-band image (which is aligned to sub- 
pixel accuracy) to check for, e.g., poorly-subtracted fore- 
ground stars, cosmetic defects or bright cosmic ray trails. 
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The brightest of such spurious sources can be excluded from 
consideration if they are not present in the i?-band image 
(since this filter includes the Ha emission), and they can 
also be excluded if not at least as extended as the stellar 
point spread function. In most of the frames studied, the 
situation was completely unambiguous, as no possible satel- 
lite galaxies were seen on the Ha frame, and almost all of 
the spurious objects were quickly identified as such. This 
left 32 cases where an apparently real emission-line source 
was identified somewhere within the CCD field of view. 

One possible source of incompleteness concerns those 
galaxies for which the Ha line from the central galaxy lies 
close to the edge of the bandpass of the narrow band filter 
used. There is significant overlap between the redshifted 
Ha filters that were available for use with the JKT, so 
this was not severe problem, but there is a small effect 
for those galaxies lying close to the 'changeover' recession 
velocity from one filter to the next. To quantify this, the 
filter throughputs were calculated for each galaxy recession 
velocity, and for velocities 300 km s~^ on either side of 
this to represent the kinematic limits of likely satellite pop- 
ulations. The most severe bias found was for UGC 4260, 
where the galaxy itself lies just on the 'wrong' side of a 
changeover point; adding 300 km s^^ to this velocity drops 
the filter throughput to 62% of the value at the galaxy re- 
cession velocity. There are 4 cases where this throughput 
drop at ±300 km s~^ is 69 or 70%, 19 cases from 71 to 
75%, and 7 cases from 76 to 80%. For the remaining 88 
out of 119 galaxies, the throughput across the entire likely 
satellite velocity range is greater than 80% of that at the 
galaxy recession velocity. 

The flux limit for our Ha images was calculated from 
faint sources in real images, including photon noise and sys- 
tematic effects due to irregularities in the background 'sky' 
regions. A moderately extended source like our putative 
companions would be detected at 5(t for an observed Ha 
plus [Nil] flux of 4.3x10"^* W m^^. This corresponds to a 
SF rate of 0.004 - 0.0076 Mgyr-^ for a galaxy at a distance 
of 30 Mpc, with the exact value in the range depending on 
the extinction corrections adopted. 

The remaining, and distinctly problematic issue con- 
cerning the 32 putative satellites was to distinguish whether 
these sources were truly separate galaxies, or just outly- 
ing SF regions of the central galaxy. Conservatively, all 32 
sources were included for further analysis, even where the 
appearance on the i?-band image pointed towards the latter 
being the case, and resolution of this question was left to 
further analysis of the source properties in section [3] below. 
This analysis was based on total Ha and i?-band fluxes of 
the companions, which were measured using matched el- 
liptical apertures. The Ha fluxes were then converted to 
SF rates using the conversion formula of lKennicuttj (|1998[ ) 
scaled by the 0.7 factor mentioned above, but with inter- 
nal extinction corrections based o n companion obj e ct Mn - 
magnitudes using the methods of iHelmboldt et all ()2004f ). 

3. Classification of putative satellite galaxies 

The first stage in separating the 32 Ha-emitting sources 
into true companions and outlying Hll regions was to ex- 
amine their distributions of SF rate and _R-band luminos- 
ity, as shown in Fig. [TJ The range of SF rates is broadly 
consistent with those found in Magellanic dwarf galaxies, 
but in the i?-band luminosity distribution there is already 
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Fig. 1. SF rate vs i?-band luminosity for the 32 possible 
companion galaxies, with the Magellanic Cloud properties 
shown for comparison (crosses). The different points show 
the Hubble type of the central UGC galaxy. 
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Fig. 2. Separation of the companion object and central 
galaxy in kpc vs the i?-band luminosity of the compan- 
ion. The separation plotted is the actual distance for the 
Magellanic Clouds, and the projected separation on the sky 
for the other objects. 



the hint of bimodality, with two components around lO'' 
and 10*'^ Lq. The Magellanic Clouds are included in this 
plot (crosses), with the SF rates having been calculated 
from the Ha data of lKennicutt fc Hodgel (|1986f ). using the 
same method of correcting for internal extinction as was 
applied to the SF rates of the putative satellite galaxies. 
Both Magellanic Clouds lie in the group of higher luminos- 
ity objects in Fig. [1] 

Figure [2] shows the projected separation of the putative 
companion from the nucleus of the central galaxy, plotted 
against the companion i?-band luminosity in solar units. 
This figure adds weight to the supposition that the candi- 
date companions with lower luminosities in the i?-band are 
Hii regions rather than separate galaxies, as they show a 
strong tendency to lie closer to the central galaxy than do 
the brighter sources. 
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A further plot used to discriminate between Hii regions 
and satellite galaxies makes use of the SF timescale, a pa- 
rameter explored extensively in paper V. The SF timescale 
is given by the total stellar mass of the galaxy divided by 
the current SF rate, such that a constant SF rate through- 
out a galaxy's history would result in a SF timescale of a 
Hubble time. As explained in paper V, the total stellar mass 
is derived from i?-band photometry, with an adopted R- 
band mass-to-ligh t ratio for late-type dw arfs of 0.65, based 
on the models of iBell fc de Jongl (|200lh . The timescale is 
increased by a factor of 1.67 to account for gas re cycling of 
40% of the mass of any new generation of stars (jvan Zed . 
I2001h . 

As was concluded in paper V, Fig. [3]shows the field Sm 
and Im late-type galaxies from the HaGS sample to scatter 
around a mean SF timescale of just under a Hubble time, in- 
dicating approximately constant SF activity in these galax- 
ies. The crosses show the positions of the LMC and SMC 
within this distribution, where the Magellanic Cloud val- 
ues are based on SF rates from the Ha measurements of 
iKennicutt &: Hodgd (1986). Interestingly, both lie close to 
the centre of the range of SF timescales of the field galaxies, 
with values of ~10-15 Gyr. 

The brightest, and hence highest mass, of the puta- 
tive satellite galaxies also lie within the distribution of 
field galaxies shown in Fig. [3l and thus appear similar in 
their stellar masses and current SF activity to field Sm and 
Im galaxies. The one bright satellite which is displaced 
somewhat to a short SF timescale is the companion to 
UGC 4541, which appears tidally disturbed and may be un- 
dergoing an interaction-induced starburst or other nuclear 
activity. However, all of the putative companions with stel- 
lar masses below ~ 5 x 10^ Mq have short SF timescales 
of <10^'^ yr, and the average for these objects is <10^ yr. 
This is most simply explained if these objects are SF re- 
gions in the outer disks of the central HaGS galaxies, which 
would naturally have low SF timescales since they repre- 
sent short-lived local enhancements in the SF rate of their 
host galaxies. This is confirmed by the position of known 
Hii regions from the disk regions of HaGS galaxies, shown 
as stars in Fig. [3] The existence of SF at a low level in 
the outer regions of disk galaxies has also been noted in 
UV imag ing from the G ALEX mission (iThilker et al.l . l2005t 
iGil de Pa z e t al., . l200l . 

However, even though Figs.[T]and[3]indicate that the 32 
objects split into two groups as described in the previous 
paragraph, they are not completely conclusive. In partic- 
ular, objects in the high luminosity/mass end of the dis- 
tribution of probable outer Hii regions lie on the outskirts 
of the distribution of field Sm and Im galaxies in Fig. [31 
As a final test, the sizes of the objects were measured from 
our i?-band and Ha images, and plotted in Figs. [4] and El 
In both figures, the sizes were determined in a completely 
automated and objective fashion, using Full Width at Half 
Maximum (FWHM) values from the SExtractor package. 
The resulting i?-band sizes are plotted against the distance 
to the central galaxy in Mpc, in Fig. |4l This confirms that 
all 9 of the likely satellite galaxies are very extended in 
terms of their continuum emission, with FWHM sizes of 
1.5 - 6.0 kpc. Many of the probable outer disk sources are 
too faint in the i?-band to be picked up as separate sources 
by the SExtractor software; most of the remainder have R- 
band FWHM sizes between 0.2 and 1.0 kpc, identical to 
the range of sizes of disk Hii regions, also shown in Fig. |4l 
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Fig. 3. The time required to form the total stellar mass 
of the system, for the putative satellite galaxies, the 
Magellanic Clouds, field Sm and Im galaxies from the 
HaGS survey, and disk Hii regions, vs stellar mass. 



for comparison. However, two of the 'outer disk' objects do 
show significant extents in the i?-band images. These are 
objects associated with UGC 3530 and UGC 4260, with R- 
band extents of 1.8 and 2.2 kpc respectively. Both objects 
are amongst the most massive of the 23 'outer disk' objects, 
at just over 10^ M0, and have star-formation timescales of 
~1 and 2.5 Gyr respectively. Thus these may be satellite 
galaxies in a star-bursting phase, and we will keep them 
in our analysis as 'possible' satellites. Images of these ob- 
jects are shown in Appendix A, with the putative satellites 
indicated by lines above and to one side of their location. 

The Ha sizes of objects, plotted on the y-axis in Fig. 
[5l show no significant dependence on object type. The 
SExtractor algorithm split the likely satellite galaxies into 
separate resolved Hii regions in several cases, and the re- 
sulting regions had FWHM sizes consistent with those of 
both the 23 outlying regions (all of which were detected in 
the Ha analysis), and a selection of disk Hii regions. The 
mean FWHM of 36 disk Hii regions was 0.55 kpc (standard 
deviation 0.19 kpc, standard error on the mean 0.03 kpc); 
for the 23 outlying regions, the mean was 0.55 kpc (s.d. 
0.24 kpc, s.e. 0.05 kpc); and for the 9 probable satellites, 
which were detected as 17 Hii regions, the mean FWHM 
was 0.63 kpc (s.d. 0.29 kpc, s.e. 0.07 kpc). 

Henceforth, we consider only the 9 companion objects 
with i?-band luminosities greater than 10^ Lq to be 'prob- 
able' satellite galaxies, and the companions to UGC 3530 
and UGC 4260 as 'possible' satellites. The remaining 21 
objects are consistent with being outer disk Hii regions in 
terms of all the parameters considered here. However, they 
will be targetted for spectroscopic follow-up in future work 
(outlined in section [71 of this paper). 



4. Properties of the 9 probable satellite galaxies 

The main data for the 9 probable satellite galaxies are pre- 
sented in Table 1, which is organised as follows. Columns 1 
and 2 give the UGC number and classification of the cen- 
tral galaxy, with the latter being taken from the NASA 
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Table 1. Main properties of the central and satellite galaxies 
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Fig. 4. The FWHM sizes in kpc of the 9 satellite galaxies, 
a selection of disk Hll regions, and the outer disk regions, 
measured from i?-band images. 



Extragalactic Database (NED henceforth) . Column 3 gives 
the distance for the system, calculated from the central 
galaxy recession vel o city, using a Virgo- infall corrected 
model ()James et al.l . |2004| ). Columns 4 and 5 give the 
Ha-derived SF rate and error for the central galaxy, and 
columns 6 and 7 the i?-band total magnitude and error. The 
corresponding _R-band luminosity in solar units is given in 
column 8. Columns 9 and 10 give the SF rate and error for 
the satellite galaxy, calculated as described in section 2, and 
columns 11 and 12 the satellite galaxy i?-band luminosity 
and error. The final column lists the projected separation in 
kpc between the centres of the central and satellite galax- 
ies. This assumes that central and satellite galaxies are at 
the same distance, as listed in column 3. 

Images of the 9 galaxy systems are shown in Appendix 
B. In each case, the upper i?-band image is a sufficently 
wide field to show both central and satellite galaxies, and 
again lines have been added to indicate the location of 
the satellites. The satellites are shown in more detail in 
the lower images, with the i?-band image on the left and 
the continuum-subtracted Ha image on the right. In every 
case, even the upper image shows only a subset of the area 
searched for satellites. 

Our method of identifying companions as likely satel- 
lites relies on the detection of line emission in a narrow- 
band filter selected to include Ha from the central galaxy. 
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Fig. 5. The FWHM sizes in kpc of the Ha emission-line re- 
gions detected by SExtractor within the 9 satellite galaxies 
and the outer disk regions, compared with the equivalent 
dimension for disk Hii regions. 



This method is not foolproof, and it is possible that some of 
the putative satellites are background galaxies with shorter- 
wavelength lines redshifted into the same bandpass. One 
check for this is to search for previously catalogued reces- 
sion velocities for the 9 satellites in the literature. The re- 
sults of this search, using the NED "Search for Objects 
Near Object Name" facility, are given in Table 2. All bar 
one had names or identifiers in at least one catalogue or 
survey, listed in the second column of table 2; the angular 
separation between central and satellite galaxies is given 
in arcmin in column 3, and in kpc in column 4. Only 3 
satellites had separate recession velocities; these are listed 
in column 5, with the central galaxy recession velocities be- 
ing in the final column. All 3 satellite velocities lie within 
^100 km s~^ of that of the central galaxy, which gives some 
confidence in our methods. 

Comments on individual galaxies: 
UGC 2603 - the main galaxy is classified as an Im, so 
this can be considered a binary pair rather than a central 
plus satellite system. The satellite galaxy has substantially 
higher surface brightness in i?-band continuum than the 
HaGS galaxy, but fairly diffuse Ha emission. 
UGC 4273 - the companion is one of the most weakly 
detected in Ha but this has an independent recession 
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Fig. 6. The Ha Equivalent Width values for the 9 satellite 
galaxies and the outer disk regions, plotted against total 
i?-band mag. 



velocity listed in NED, which is very close to that of the 
central galaxy. 

UGC 4362 - the companion is bright in the i?-band 
image, and shows strong SF with clumpy, resolved Hii 
regions, but has not been previously catalogued according 
to NED. The companion is on the extreme edge of the CCD 
frame so the measured SF rate and i?-band luminosities 
in Table 1 should be considered as lower limits, although 
the majority of the companion does appear to have been 
imaged, from inspection of sky survey images of this field. 
UGC 4469 - the companion is clearly a Magellanic 
irregular, with clumpy Ha emission indicating several 
off-centre Hli regions. There is an independent recession 
velocity for the companion in NED, again very close to 
that of the the central galaxy. 

UGC 4541 - this system appears to be undergoing sig- 
nificant tidal disturbance; unsurprisingly, the catalogued 
recession velocity of the companion is close to that of 
UGC 4541. The Ha morphology of the companion reveals a 
strong nuclear starburst and/or AGN activity; the strength 
of the Ha emission results in the short SF timescale found 
for this object in section 3. 

UGC 4574 - the Ha image of the companion shows two 
clumps of SF, located at either end of the moderately 
elongated i?-band light distribution. 

UGC 5688 - the central galaxy has low i?-band luminosity 
and surface brightness. The Ha image shows clumps of 
emission from both ends of the elongated i?-band light 
distribution, like the companion of UGC 4574, resembling 
the pattern of SF seen in many galaxy bars. 
UGC 6506 - this is a similar case to UGC 2603 and 
UGC 5688, with a low luminosity central galaxy, and this 
should probably be considered a binary system rather than 
as a central galaxy with a satellite. 

UGC 12788 - the putative companion is projected on the 
outer disk of the central galaxy, but does not look like an 
HH region or part of a spiral arm. This is a possible case 
of tidal interaction, revealed in the distorted and strongly 
star- forming arm in UGC 12788, close to the putative 
companion. However, it should be noted that the object 
considered here to be a companion galaxy is listed in NED 



as 'West Hii region in UGC 12788'. 

Two of t h e cen tral/satellite systems studied by 
^Zaritskv et al.l (|1997D are in the current sample. The 
first is NGC 5921 a nd and its companion, identified by 
IZaritskv et all (|l997l ) as NGC 5921:[ZSF97]b. This com- 
panion is clearly detected in our data, both in _R-band and 
Ha emission, and indeed was independently selected as a 
putative satellite (it is the square at SF rate =0.012 M© 
yr~^, i?-band luminosity 4 xlO^ L© in Fig. [T]). However, 
this region, along wit h one other similar r egion in NGC 
5921 (not identified bv lZaritskv et all (1997)), was consid- 
ered highly likely to b e an outer Hli r egion. The second of 
the systems listed by IZaritskv et"all (|1997D is NGC 5962 
and the companion they identify as NGC 5962:[ZSF97]b. 
The region containing the latter was searched in the present 
study, but the companion is present only as a very faint R- 
band source, with no detected Ha emission. 

The NED "Search for Objects Near Object Name" was 
also carried out for the 23 outer disk objects. None of these 
was found to a measured recession velocity, and the only 
two to have individual NED entries ar e both classified as H li 
regions, one in UGC 9935/NGC 5964 (iBradlev et al.l.l2006D . 
and one in UGC 12343/NGC 7479 (|Rozas et al.l . ll999D . 



5. Statistics of star forming satellites 

The next stage of the analysis is to look at the numbers of 
star-forming satellites found, to put constraints on the over- 
all abundance of such systems around field galaxies. Given 
that the regions around 119 HaGS galaxies were searched, 
9 satellites found seems a small number, given that we have 
two such systems around the Milky Way, but in order to 
make this comparison quantitative we need to correct for 
sources of incompleteness in our search method. 

As a starting point for this analysis, we need to confirm 
that our data and methods are sufficiently sensitive to de- 
tect 'Magellanic Cloud like' satellites. Figure [7] shows the 
Ha-derived SF rates for 32 regions identified in the current 
paper as possible satellites, with the ringed points identify- 
ing the 9 likely satellites. These rates are plotted against the 
distance in Mpc of the central galaxy in the system, and 
the horizontal lines show the SF rates of the Magellanic 
Clouds. This confirms that our Ha technique is easily sen- 
sitive enough to detect star forming galaxies fainter than 
the Magellanic Clouds to the spatial limits of our survey, as 
objects with Ha luminosities significantly lower than that 
of the SMC are seen over the full range of distances studied. 

Surface brightness is also important in determining the 
detectability of galaxies; it is possible that Magellanic-type 
companions with quite high total SF rates could be missed 
if the line emission were very extended and hence of low 
surface brightness. This possibility is investigated in Fig. [51 
which is similar to Fig. [3 but with the SF rate of each re- 
gion divided by its area in kpc^ , measured from our Ha im- 
ages. The same quantity for the Magellanic Clouds is again 
show n by the dashed line s. The latter values were derived 
from [Kennicutt fc Ho'dei (|1986f ). who give Ha fiux mea- 
surements measured in large apertures comparable in kpc 
sizes to the apertures used to m easure the Ha fluxes in our 
companion objects. Specificallv. lKennicutt fc Hodgd (|1986f ) 
find 25% of the Ha flux from the LMC to come from a 30 ar- 
cmin aperture centred on 30 Doradus; this would be both 
spatially resolved at the distance of our satellite galaxies. 
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Table 2. Catalogue names and recession properties of previously-identified satellite galaxies 
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Fig. 7. Companion object SF rate vs the distance of the 
central object, in Mpc. The dashed lines show the SF rates 
corresponding to the LMC (upper line) and SMC (lower 
line), demonstrating that we can detect companions with 
SF rates much lower than those of the Magellanic Clouds 
to the Hmits of our survey. The ringed points indicate the 
9 probable satellite galaxies, as explained in section 3. 
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Fig. 8. Companion object SF rate per unit area vs the dis- 
tance of the central object, in Mpc. The dashed lines show 
the SF rates per unit area corresponding to the LMC (up- 
per line) and SMC (lower line), demonstrating that we can 
detect companions with SF surface densities much lower 
than those of the Magellanic Clouds to the limits of our 
survey. The ringed points indicate the 9 probable satellite 
galaxies, as explained in section 3. 



and easily detectable in surface brightness as shown from 
the position of the upper dashed line in Fig. [8] Similarly, 
the lower dashed line comes from a 16 arcmin aperture flux 
measurement on the SMC, which contains 17% of the to- 
tal Ha emission and hence of the inferred SF activity in 
that galaxy. Thus we can again conclude that Magellanic- 
type galaxies should be easily detectable with our data and 
techniques. 

In order to calculate incompleteness corrections, it is 
necessary to decide on a definition of a close companion 
galaxy. For the present work, a 'Magellanic- type' compan- 
ion is defined to be one that lies within a spherical re- 
gion, centred on the UGC galaxy, with a volume twice as 
large as the volume that just contains both the Magellanic 
Clouds. This corresponds to a radial separation of less than 
60 X ^ = 75.2kpc, where 60 kpc is our adopted distance to 
the SMC. However, for any given galaxy, it is not possible 
to see the full volume potentially occupied by satellites. For 
closer galaxies, the outlying parts of the volume are missed 
as they lie outside the CCD field of view. In addition, there 
is a 'blank spot' along the line-of-sight of the main galaxy, 
in all cases, as the Ha emission from any companion would 



be confused with that of the central galaxy, in our narrow- 
band images. Knowing the distance of each of the central 
galaxies, their optical major and minor axes, and the size of 
the imaged field, it is then possible to calculate the fraction 
of the spherical halo volume that is missed due to these 
two causes. This fraction was then assumed to be equal 
to the fraction of satellites that were missed, i.e. implic- 
itly assuming that satellites were equally likely to be found 
anywhere within the spherical volume. In support of this as- 
sumption, several studies have found satellite distributions 
to be isot ropic, for blue cent r al galaxies such as thos e stud- 
ied here (lYa.ng et al.l . 120061 : lAgustsson fc Brainerdl 120071: 
lAzzaro et all . l2007t ) . 

A programme was written to calculate the complete- 
ness fraction for all 119 of the HaGS galaxies, and the re- 
sults are summarised in Table [3l This lists, as a function of 
Hubble T-type, the total numbers of galaxies observed (col- 
umn 2); the sums of the observable fractions of the satellite 
volumes (column 3); the number of star- forming satellites 
found (column 4); and ratio of satellites found to observable 
volumes, i.e. column 4 divided by column 3 (listed in the 
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final column). To summarise these results, the 119 poten- 
tially satellite-containing volumes were covered with a mean 
efficiency of just below 50%, resulting in an effective search 
of 53 volumes. This search yielded 9 star-forming satellites, 
or O.lTlp Qg satellite galaxies per full volume searched. This 
fraction applies whether all T-types included, or just the 
more luminous galaxies with T types in the range to 5 
(bottom and penultimate lines of Table [31). 

The errors quoted here and in the final column o f Tab le 
[3] are \-a limits derived from the tables of iGehreli (|1986f ). 

It could be argued that the companion to UGC 12788, 
which lies inside the projected disk of UGC 12788 but is de- 
tected due to its distinctive morphology, should be excluded 
from these statistics. It should also be noted that some of 
the detected satellites may actually lie outside the 75.2 kpc 
radius circle due to projection uncertainties. Thus the frac- 
tions listed in the final column of Table [3] could be consid- 
ered as upper limits for the numbers of 'Magellanic Cloud 
type' companions as we have defined them here. However, 
we should also take into account to possibility that some 
of the objects classified as outlying Hii regions may in fact 
be satellite galaxies. If the two 'possible' objects identified 
from their i?-band sizes in Fig. 3] are included, the overall 
fraction of satellites per central galaxy search increases from 
0.17 to 0.21+°;°^. If we very conservatively include all the 
outlying objects not positively identified elsewhere as being 
Hii regions, the total number increases to 30, for an overall 
fraction of satellites per galaxy searched of 0.571q'}§. 

6. Correlation of satellite and central galaxy 
properties 

The search carried out in the present study has identified 9 
probable satellite galaxies, with significant stellar masses, 
in close proximity (in projection) to their central galaxies. 
Given these properties, it is interesting to check whether the 
SF activity, either of the central galaxies or of the probable 
companions, is affected by the tidal forces between central 
and satellite galaxies. The overall question of the effect of 
environment on SF rates for the entire HaGS sample is the 
subject of a future paper, so this analysis concerns only the 
subsample of galaxies with identified companions. 

Figure [5] shows the Ha-derived SF rates of the central 
galaxies plotted against projected galaxy-companion sep- 
aration in kpc. The ringed points indicate the 9 probable 
satellite systems as identified in section 3. This figure shows 
no correlation between central galaxy SF rate and projected 
separation, so there is no obvious effect of the presence of 
the satellites on the their central galaxies. Similarly, Fig. 
[TOl shows no correlation between satellite galaxy SF rate 
and projected distance from the central galaxy, at least for 
the 9 probable satellites. There is a significant difference 
between these probable satellites and the objects identified 
in section 3 as outlying Hil regions, but this is as expected 
under our preferred interpretation of these objects. 

Finally, Fig. [TT] shows companion object SF timescales, 
as defined in section 3, against projected separation be- 
tween central and satellite galaxies. Again, the only clear re- 
sult from this plot is the short SF timescales of the outlying 
Hii regions, already identified in Fig. [31 For the 9 probable 
satellites, no correlation is found between SF timescale and 
projected separation from their central galaxies. The satel- 
lite galaxy with the shortest SF timescale is the companion 
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Fig. 9. The central galaxy SF rate plotted against the pro- 
jected separation of the companion object and the central 
galaxy. The ringed points indicate the 9 probable satellite 
galaxies, as explained in section 3. 
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Projected Galaxy— Companion separation (kpc) 

Fig. 10. The SF rate for each companion object plotted 
against the projected separation of the companion and the 
central galaxy. The ringed points indicate the 9 probable 
satellite galaxies, as explained in section 3. 



to UGC 4541; this not the closest galaxy-satellite pair in- 
vestigated here, but there does appear to be tidal distortion 
associated with this interaction. The closest pairing in pro- 
jected separation is UGC 12788 and its companion; here the 
companion appears completely unaffected by tidal effects, 
in terms of both optical morphology and SF properties, so 
it is possible that there is a significant line-of-sight separa- 
tion in this case. The second closest in apparent separation 
are UGC 5688 and companion; the latter has a SF timescale 
below 10 Gyr, which may show a modest enhancement in 
SF rate as a the result of tidal effects. However, UGC 5688 
is a low luminosity galaxy of type SBm, and so tidal effects 
are likely to be minimal due to the low mass of the primary 
galaxy. 
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Table 3. The number of central galaxies studied, broken down by Hubble type, and the frequency with which they host 
star-forming satellites. 
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Projected Galaxy— Companion separation (kpc) 

Fig. 11. The SF timescale of each companion object plot- 
ted against the projected separation of the companion and 
the central galaxy. The ringed points indicate the 9 proba- 
ble satellite galaxies, as explained in section 3. 



7. Discussion and future work 

The major result of this paper is that actively star-forming 
satellite galaxies, with luminosities and SF rates within 
approximately an order of magnitude of those of the 
Magellanic Clouds, are fairly rare. Most galaxies in our 
survey of field spirals have no suc h satellites. Previous 
searches for satellit es of all types (jZaritskv et all . Il997t 
iMadore et al.l . l2004f ) have found significantly more than 
this, typically one substantial satellite per central galaxy 
surveyed, although it is very difficult to make quantitative 
comparisons because of the varying depths and methods of 
the different surveys. However, it does appear likely that 
most satellites, even of isolated field galaxies, are of non- 
star forming types. Examples close to home are M 32 and 
NGC 205, early type companions of the Andromeda spi- 
ral M 31. Given that most isolated galaxies of Magellanic- 
Cloud like luminosities are actively forming stars (paper V) , 
this would seem to imply the efficient truncation of star for- 
mation in satellites, with a timescale short compared to a 



Hubble time. This then raises interesting questions about 
the fate of the gas originally in the satellite dwarfs; is it 
consumed in a burst of star formation triggered by interac- 
tion with the central galaxy, or is a significant fraction of it 
expelled from the satellite, enabling it to be accreted onto 
the central galaxy? Evidence of this process in the Milky 
Way system may be provided by the Magellanic Stream. 
Given the importance of gas supply in disk galaxy evolu- 
tion, it would clearly be useful to know the frequency of 
such gas-yielding interactions, and the timescales and gas 
masses involved. 

Observationally, there are 3 main requirements: to ex- 
tend the sample size of star-forming satellite candidates; to 
discriminate definitively between true satellites and outly- 
ing parts of disks; and to determine the red-to-blue satellite 
fraction. The first can simply be done by further Ha imag- 
ing, preferably going rather deeper and over wider fields 
than the present data set. The second requires spectroscopy 
to determine velocity differences between central and puta- 
tive satellite galaxies, and preferably velocity cubes (e.g. 
from Ha Fabry-Perot instruments or Hi maps) to look 
for signs of interaction. Data enabling the identification of 
quiescent red-sequence satellites are problematic given the 
greater difficulty of measuring recession velocities for faint 
and possibly low-surface-brightness absorption line sources, 
but the situation is being improved with surveys using sen- 
sitive multi-fibre instruments. We are actively pursuing all 
of these approaches. 

One caveat on the current results concerns the conclu- 
sion that the 9 satellites are fairly similar to the Magellanic 
Clouds. This can be seen as unsurprising given that we 
used the similarity to the Magellanic Clouds, particularly 
in Figs. [Hand [21 to argue for the 9 objects being true satel- 
lites. There is indeed circularity in this argument, and it is 
clearly important to include the provisionally rejected ob- 
jects in follow-up spectroscopy. Given that the latter tend 
to be found at small projected separations from the cen- 
tral galaxies and have similar properties to Hii regions in 
Fig. [21 it is likely that this interpretation will be confirmed 
for most or all of them, but there may be some important 
objects lurking in this category. 
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8. Conclusions 

This study has identified 9 probable star-forming sateUite 
galaxies with projected separations consistent with their 
being as close to their central galaxies as the Magellanic 
Clouds are to the Milky Way. Figure [1] illustrates that 
the stellar luminosities and SF rates of the Magellanic 
Clouds are comparable to those of the 9 probable satel- 
lites found here. Overall, the satellite galaxies (including 
the Magellanic Clouds) are currently forming stars at a 
rate comparable to field Sm and Im galaxies in the HaGS 
sample. The only evidence of a strong starburst is in the 
tidally-disturbed companion to UGC 4541. Considering the 
9 probable satellites and the Magellanic Clouds together, 
the LMC and SMC are the brightest and 7th brightest in 
i?-band luminosity, and the 2nd and 9th most rapidly star- 
forming. Thus the LMC is clearly a large satellite, whereas 
the SMC is close to or just below average amongst those 
found here. We find no cases of 2 satellites around any of 
the 119 central galaxies studied, so the Milky Way appears 
well-favoured in the number of large star-forming compan- 
ions in its immediate ne ighbourhood . In th is context, it is 
interesting to note that iPuech et al.l (|2007!) have recently 
concluded that the MW is distinctive for its lack of merg- 
ing activity over its history; the results found here indicate 
that any such deficiency is likely to be rectified in the fu- 
ture. 
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Fig. A.l. Upper images: UGC 3530 and satellite galaxy, 
showing the full field of view (image size 160" by 160"); 
i?-band (left) and Ha (right). Lower image: UGC 3530 and 
satellite galaxy, close-up view (image size 160" by 160"); 
i?-band (left) and Ha (right). 



Fig. A. 2. Upper images: UGC 4260 and satellite galaxy, 

showing the full field of view (image size 560" by 560") ; R- 
band (left) and Ha (right). Lower images: UGC 4260 and 
satellite galaxy, close- up view (image size 154" by 154"); 
i?-band (left) and Ha (right). 



Appendix A: Images of the 2 possible satellites and 
their central galaxies 
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Fig. B.l. Upper image: UGC 2603 and satellite galaxy 
(image size 343" by 325"). Lower images: Satellite galaxy in 
i?-band (left) and continuum-subtracted Ha (right: image 
sizes 47" by 47"). 
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Fig. B.2. Upper image: UGC 4273 and satellite galaxy 
(image size 338" by 335"). Lower images: Satellite galaxy in 
i?-band (left) and continuum-subtracted Ha (right: image 
sizes 56" by 56"). 



Fig. B.3. Upper image: UGC 4362 and satellite galaxy 

(image size 359" by 177"). Lower images: Satellite galaxy in 
i?-band (left) and continuum-subtracted Ha (right: image 
sizes 44" by 44"). 



Appendix B: Images of the 9 probable satellites 
and their central galaxies 





Fig. B.4. Upper image: UGC 4469 and satellite galaxy 
(image size 248" by 220"). Lower images: Satellite galaxy in 
i?-band (left) and continuum-subtracted Ha (right: image 
sizes 51" by 51"). 
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Fig. B.5. Upper image: UGC 4541 and satellite galaxy 
(image size 196" by 161"). Lower images: Satellite galaxy in 
i?-band (left) and continuum-subtracted Ha (right: image 
sizes 78" by 78"). 




Fig. B.6. Upper image: UGC 4574 and satellite galaxy 
(image size 318" by 309"). Lower images: Satellite galaxy in 
i?-band (left) and continuum-subtracted Ha (right: image 
sizes 53" by 53"). 




Fig. B.7. Upper image: UGC 5688 and satellite galaxy 

(image size 160" by 154"). Lower images: Satellite galaxy in 
i?-band (left) and continuum-subtracted Ha (right: image 
sizes 51" by 51"). 
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Fig. B.8. Upper image: UGC 6506 and satellite galaxy 
(image size 212" by 206"). The central part of this image 

suffered contamination from a band of scattered light in a 
diagonal strip between the two galaxies; this has been re- 
moved in the data reduction, along with some stars which 
lie in the centre of this field. The relative brightness and ori- 
entation of the two galaxies are not affected. Lower images: 
Satellite galaxy in i?-band (left) and continuum-subtracted 
Ha (right: image sizes 54" by 54"). 
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Fig. B.9. Upper image: UGC 12788 and satellite galaxy 
(image size 113" by 82"). Lower images: Satellite galaxy in 
i?-band (left) and continuum-subtracted Ha (right: image 
sizes 33" by 33"). 



